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� Background and Aims Moss food-conducting cells (leptoids and specialized parenchyma cells) have a highly
distinctive cytology characterized by a polarized cytoplasmic organization and longitudinal alignment of plastids,
mitochondria, endoplasmic reticulum and vesicles along endoplasmic microtubules. Previous studies on the desic-
cation biology of mosses have focused almost exclusively on photosynthetic tissues; the effects of desiccation on
food-conducting cells are unknown. Reported here is a cytological study of the effects of de- and rehydration on
food-conducting cells in the desiccation-tolerant moss Polytrichum formosum aimed at exploring whether the
remarkable subcellular organization of these cells is related to the ability of mosses to survive desiccation.
�Methods Shoots of Polytrichum formosumwere dehydrated under natural conditions and prepared for transmission
and scanning electron microscopy using both standard and anhydrous chemical fixation protocols. Replicate samples
were then fixed at intervals over a 24-h period following rehydration in either water or in a 10mM solution of the
microtubule-disrupting drug oryzalin.
� Key Results Desiccation causes dramatic changes; the endoplasmic microtubules disappear; the nucleus, mito-
chondria and plastids become rounded and the longitudinal alignment of the organelles is lost, though cytoplasmic
polarity is in part retained. Prominent stacks of endoplasmic reticulum, typical of the hydrated condition, are
replaced with membranous tubules arranged at right angles to the main cellular axis. The internal cytoplasm
becomes filled with small vacuoles and the plasmalemma forms labyrinthine tubular extensions outlining newly
deposited ingrowths of cell wall material. Whereas plasmodesmata in meristematic cells at the shoot apex and in
stem parenchyma cells appear to be unaffected by dehydration, those in leptoids become plugged with electron-
opaque material. Starch deposits in parenchyma cells adjoining leptoids are depleted in desiccated plants. Rehy-
dration sees complete reestablishment over a 12- to 24-h period of the cytology seen in the control plants. Oryzalin
effectively prevents leptoid recovery.
� Conclusions The results point to a key role of the microtubular cytoskeleton in the rapid re-establishment of the
elaborate cytoplasmic architecture of leptoids during rehydration. The reassembly of the endoplasmic microtubule
system appears to dictate the time frame for the recovery process. The failure of leptoids to recover normal cytology
in the presence of oryzalin further underlines the key role of the microtubules in the control of leptoid cytological
organization.

Key words: Bryophytes, desiccation-tolerance, microtubules, oryzalin, plasmodesmata, Polytrichum formosum,
rehydration, vascular tissue.

INTRODUCTION

Since the 18th century it has been known that representa-
tives of many groups of organisms including algae, lichens,
animals (‘infusoria’, rotifers, nematodes and tardigrades)
and land plants, are able to survive dehydration and recover
upon rewetting (Alpert, 2000). The ability of cells to revive
from the air-dry state is referred to as desiccation tolerance
(Bewley, 1979) or anhydrobiosis (Crowe et al., 1992). Vir-
tually all plants produce desiccation-tolerant spores (or
pollen grains) and most seeds are desiccation-tolerant,
but vegetative desiccation-tolerance is much less common.
Many, perhaps most, bryophytes are desiccation-tolerant,
but in vascular plants this condition is rare, occurring
sporadically in widely scattered taxonomic groups
(Proctor and Tuba, 2002).

Desiccation-tolerant plants can be divided broadly into
those where tolerance appears to be constitutive (most
bryophytes, some small pteridophytes) and those that are
desiccation-tolerant only if this is induced by a period of

stress. In both categories many vascular resurrection plants
and most bryophytes are able to survive the loss of most of
their protoplasmic water. However, induced and con-
stitutive desiccation-tolerance are not sharply separated,
and there is evidence that some desiccation-tolerance
may be induced to a greater or less degree in most species
(Werner et al., 1991; Oliver et al., 1998; Beckett, 2001).

Apart from a handful of investigations on liverworts
(Höfler, 1946; Clausen, 1952; Hinshiri and Proctor, 1971;
Hearnshaw and Proctor, 1982; Marschall and Proctor, 1999;
Proctor, 2003), studies of desiccation-tolerance in
bryophytes have mostly been confined to mosses. These
have focused either on the ability of mosses to recover
rapidly their synthetic metabolism during rehydration
(Tuba et al., 1998; Proctor and Smirnoff, 2000; Proctor
and Tuba, 2002) or on the effects of desiccation and rehyd-
ration on membrane integrity (Platt et al., 1994). Studies of
recovery in Tortula ruralis showed that this moss was able
to achieve a positive carbon balance within 20min of rehy-
dration (Tuba et al., 1996; Proctor and Smirnoff, 2000),
while Platt et al. (1994) demonstrated that the plasmalemma* For correspondence. E-mail s.pressel@qmul.ac.uk
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and other cellular membranes in photosynthetic tissues of
Tortula ruralis and the pteridophyte Selaginella lepido-
phylla retained structural integrity in the dry state. Changes
in the metabolism of carbohydrates and proteins have been
increasingly implicated in desiccation-tolerance and seem
to play a major protective role during the drying and
recovery processes (Oliver et al., 1998, 2000a, b).

In contrast to the substantive studies on relationships
between metabolism and de- and rehydration, very little
research has been conducted on the effects of desiccation
on plant transport systems. Preliminary studies include the
report of a lipid layer lining the cell walls in xylem vessels
in the resurrection angiosperm Myrothamnus flabellifolia.
It has been proposed that in the dry state the lipid lining
provides waterproofing, thus restricting water loss of the
tissues within tolerable levels (Canny, 2000; Wagner
et al., 2000). Coupled with the ability of vessels to refill
rapidly after cavitation, this might account for the rapid
restoration of the hydraulic system (Wagner et al., 2000;
Schneider et al., 2003). On the other hand, experimental
studies of highly specialized water-conducting cells in some
mosses (hydroids) have shown that these are able to avoid
cavitation by collapsing in the desiccated condition and that
they resume normal structure and functioning on rehydra-
tion very rapidly (Schmid, 1998).

In addition to hydroids, bryoid mosses possess highly
specialized cells, scattered in a ring surrounding the central
strand of hydroids. These are generally considered to be
analogous to the sieve elements of vascular plants and
accordingly are reported as ‘food-conducting cells’ or
also, mainly in polytrichaceous mosses, as leptoids
(Hébant, 1976, 1977; Ligrone et al., 2000). These are elong-
ate cells with a distinctive cytology characterized by cyto-
plasmic polarization along the source-to-sink axis. Plastids,
mitochondria, membranous tubules and vesicles are longi-
tudinally aligned along endoplasmic microtubules extend-
ing from the poles of the spindle-shaped nucleus towards the
ends of the cells (Ligrone and Duckett, 1994).

The leptoids have oblique end walls displaying a high
concentration of plasmodesmata with constricted ends and a
conspicuous enlargement of the desmotubule in the middle.
Plasmodesmata are also seen occasionally along the com-
mon longitudinal walls between leptoids and adjoining par-
enchyma cells. As in leptoids, the parenchyma cells also
have oblique end walls with a high frequency of plasmo-
desmata and an elongate nucleus but lack the distinctive
system of endoplasmic microtubules and the cytoplasmic
polarization typical of leptoids. Moreover, while the plastids
in leptoids have only a rudimentary inner thylakoid system
and contain little or no starch, those in parenchyma cells
have a well-developed thylakoid system and in fully
hydrated plants contain abundant starch. Cell types with
characteristics intermediate between leptoids and paren-
chyma cells are also regularly observed in P. formosum.

Leptoids in mosses are particularly amenable to experi-
mental manipulation. Experiments using cytoskeleton-
disrupting drugs (oryzalin, cytochalasins, carbamate
herbicides) as well as mechanical interruption of the
source-to-sink gradient indicate a causal relationship
between the highly characteristic cytoplasmic architecture

and the endoplasmic microtubule system (Ligrone and
Duckett, 1996).

To date no study has been conducted on the cytological
consequences of drying and rewetting on leptoids in mosses.
Because of their unique cytology, built upon their endo-
plasmic microtubular system, these cells are a particularly
intriguing system to investigate the effects of dehydration
and rehydration on the microtubular cytoskeleton and cyto-
plasmic organization.

Although numerous studies of the cellular responses of
plants to cold and freezing injuries have pointed to the
microtubule cytoskeleton as a primary target (Carter and
Wick, 1984; Wang and Nick, 2001; Abdrakhamanova et al.,
2003; Schwarzerova et al., 2003), the de- and rehydration
biology of microtubules has been largely overlooked. As far
as is known, the only suggestions of possible links between
desiccation and microtubules in the literature relate to stud-
ies of desiccation-sensitivity in recalcitrant seeds (Berjak
and Pammenter, 2000; Mycock et al., 2000; Rocha Faria
et al., 2004) and descriptions of the disassembly of micro-
tubules during maturation of moss spores (Brown and
Lemmon, 1980, 1982, 1987). A characteristic feature of
both seeds and dormant spores appears to be the absence
of microtubules, the activation of the microtubule cytoskel-
eton being one of the earliest visible signs of germination.

This paper reports on an ultrastructural study of food-
conducting cells (referred to herein as leptoids) in the moss
Polytrichum formosum in the dried condition and during
rehydration.

MATERIALS AND METHODS

Plant material

The moss Polytrichum formosumHedw. (Polytrichales) was
chosen because its leafy shoots have highly specialized
leptoids and an optimal fixation protocol for experimental
ultrastructural studies, including dehydration and the use of
drugs that affect the cytoskeleton, had already been worked
out (Ligrone and Duckett, 1994, 1996).

Wild plants were collected from mixed Quercus/Fagus
woodland, Box Hill, Surrey, UK (OSGB grid reference
TQ 182513; 51�150N, 0�180W). The de- and rehydration
experiment was repeated three times over a 3-year period
with identical results on each occasion.

Light and electron microscopy

The controls were freshly collected, fully hydrated
shoots. The desiccated samples were obtained from moss
tufts collected in the field and allowed to dry slowly out-
doors, under cover and away from direct sunlight, for
at least 18 d. The naturally desiccated shoots were rehyd-
rated by immersion in distilled water or in 10mM oryzalin
solution (the lowest concentration previously found to affect
leptoid microtubules; Ligrone and Duckett, 1996). The total
water contents of control and dehydrated shoots examined
at intervals during rehydration are reported in Table 1.
Excess water was carefully removed with tissues from
the rehydrated shoots before weighing. The water content
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of shoots was evaluated by oven drying at 80 �C for 12 h.
Fully hydrated and dehydrated shoots, and shoots rehyd-
rated for 0�5, 1, 2, 4, 12 and 24 h, were fixed in 3% (v/v)
glutaraldehyde, 1% (v/v) formaldehyde (freshly prepared
from paraformaldehyde) and 0�5% (w/v) tannic acid in
0�05M Na-phosphate buffer, pH 7�0. The apical part of
the shoots, about 3 cm long, was dissected and, after remov-
ing the leaves, was left in the fixative for 1 h at room tem-
perature under low vacuum. Afterwards, the stem portion
between 1 and 2 cm below the apex was cut into 1-mm
segments and left in the fixative for further 2 h. The
shoot apices, about 1mm long, were also isolated and fixed.

Desiccated shoots were also fixed anhydrously in a solu-
tion of heptane/glutaraldehyde prepared as follows: 6%
(w/v) glutaraldehyde in 0�05M PIPES [piperazine-N,N0-
bis(2-ethanesulfonic acid)], pH 7�4 was added to an equal
volume of heptane, shaken thoroughly for at least 1 h at
room temperature and left to stand until complete separation
into two phases. Aliquots of the heptane/glutaraldehyde
solution so obtained were used to fix the material for 2 h
at room temperature.

After rinsing in 0�1 M Na-phosphate buffer, both sets of
samples were post-fixed with 1% (w/v) osmium tetroxide in
0�1MNa-phosphate buffer, pH 6�8, overnight at 4 �C, dehyd-
rated through an ethanol series and embedded inSpurr’s resin
via propylene oxide as described previously (Ligrone and
Duckett, 1994). Thin sections, cut with a diamond knife,
were sequentially stained with 5% (v/v) methanolic uranyl
acetate for 15 min and lead citrate for 10min and examined
with a Jeol 1200 EX2 electron microscope.

Sections, 0�5mm thick, stained with 1% toluidine-blue,
were photographed with a Leica DM RXA2 microscope
equipped with differential interference contrast optics.

For scanning electron microscopy, 2- to 3-mm lengths of
fresh shoots from the control and each of the treatments
detailed above were dehydrated over 24 h in a 1 : 1 mixture
of acetone and ethanol to remove the cytoplasmic contents,
transferred to anhydrous ethanol, critical point dried and
observed with a Hitachi S570 scanning electron microscope
operating at 20 kV.

RESULTS

Polytrichum formosum forms dark green tufts usually on
acidic soil in woodlands, heaths and moorlands (Hill et al.,
1992). The plants are regularly exposed to dehydration and

can survive in a desiccated state for several weeks. Dry
shoots have a very low water content but can absorb
water and resume a normal appearance extremely rapidly
(Table 1 and Fig. 1). The leptoids in the fully hydrated
control plants showed the distinctive cytology described
previously by Ligrone and Duckett (1994, 1996) and
Ligrone et al. (2000) (Fig. 2E) and summarized in the
Introduction.

Cytology of leptoids in the desiccated condition

Dramatic differences between desiccated and hydrated
leptoids are clearly visible at the light microscope level
(Fig. 2). Whether standard or anhydrous fixation is used,
the cytoplasm in desiccated leptoids appears packed with
small vesicles, plastids are rounded and the nucleus is spher-
ical to ovoid (Fig. 2A, B). Although the cytoplasm appears
highly vesiculate, cytoplasmic polarity is still visible after
desiccation; the nucleus and most organelles remain clus-
tered in the portion of the cells proximal to the shoot apex
(Fig. 3A). The nuclei are ovoid or irregularly shaped and
contain masses of condensed chromatin, not present in the
hydrated samples; the nucleolus is inconspicuous (Figs 3B
and 5A). Rounded plastids and mitochondria are clumped
together in a central mass alongside the nucleus. Endoplas-
mic microtubules are absent (Fig. 3B, C; cf. Figs 7E and
8A, B; see also Fig. 6C). The large stacks of endoplasmic
reticulum (ER), typically visible in the hydrated condition
at the cellular ends towards the shoot apex (Ligrone and
Duckett, 1994, 1996) also are absent and, as one of the most
conspicuous features of dehydrated cells, numerous mem-
branous tubules appear in the cytoplasm; unlike the micro-
tubules, these are arranged at right angle to the longitudinal
cellular axis and have diameters ranging between 15 and
47 nm (Fig. 4D, E). Also scattered in the cells are cytoplas-
mic areas containing aggregates of free ribosomes, dicty-
osomes, coated vesicles and partially coated reticulum
(Fig. 4A).

The plasmalemma at both ends of the cells forms numer-
ous tiny invaginations containing cell wall material (Fig. 4B;
see also Fig. 10A). Coarser sac-like invaginations of the
plasmalemma are also visible along the longitudinal
walls (Fig. 4C).

The plasmodesmata in the end and lateral walls of desic-
cated leptoids are occluded with plugs of electron-opaque
material (Fig. 5A, B; see also Fig. 10A, B) that are absent in
the hydrated condition (Fig. 5C).

It has been argued that the use of aqueous chemical fix-
atives might allow partial rehydration of dehydrated tissues
leading to osmotic swelling of cells and organelles prior to
chemical stabilization (Platt et al., 1997; Thomson and
Platt, 1997; Wesley-Smith, 2001); hence the use of cryo-
fixation and freeze-substitution has been advocated as a
more reliable technique especially when dealing with
dried tissues (Thomson and Platt, 1997). Attempts to
carry out high pressure cryofixation and freeze-substitution
of leptoids in P. formosum shoots (Schmid, 1998) were met
with substantial difficulties probably inherent to the position
of these cells deep in the stem (Schmid, 1998) and were

TABLE 1. Water content of Polytrichum formosum leafy
shoots (means of three groups of 20 shoots 6 s.d.)

Sample
Water content

(% of total weight)

Freshly collected shoots 56.2 6 2.0
Naturally desiccated shoots 7.5 6 0.4
0.5-h rehydrated shoots 45.1 6 1.2
1-h rehydrated shoots 51.2 6 1.7
2-h rehydrated shoot 54.3 6 2.2
12-h rehydrated shoots 59.6 6 0.8
24-h rehydrated shoots 59.5 6 0.6
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abandoned. As an alternative procedure, desiccated material
was prepared by anhydrous fixation via heptane. The results
obtained (Fig. 6A–C) were fully consistent with those from
standard aqueous fixation (Fig. 3A, B), thus confirming that
the cytological alterations observed in desiccated leptoids
with the latter protocol are not artefacts.
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F I G . 1. Changes in the appearance of Polytrichum formosum in the
hydrated and desiccated condition. Fully hydrated (A) and desiccated shoots
(B) in the wild. Isolated shoots in fully hydrated (C), desiccated condition

(D) and after 5-min rehydration (E).
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F I G . 2. Light micrographs of leptoids in the leafy shoot of Polytrichum
formosum. (A and B) Details of desiccated leptoids: (A) aqueous chemical
fixation; (B) anhydrous chemical fixation. In both cases note the vesiculated
cytoplasm, the ovoid, centrally located nuclei and ovoid to spherical plast-
ids. Cells rehydrated for 4 h (C) and 12 h (D) in 10mM oryzalin. The nuclei
and plastids are ovoid; the vacuoles are like those in the controls. (E) Fully
hydrated leptoids. Aqueous chemical fixation. Note the longitudinal
alignment of the highly elongate plastids and the spindle-shaped nucleus.

n, Nucleus; p, plastids. Scale bars = 10mm.
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F I G . 3. Transmission electron micrographs (TEMs) of P. formosum desic-
cated leptoids. (A) Polarity is maintained but cytoplasmic organization is
severely disrupted. Note the highly vesiculate cytoplasm and rounded plast-
ids. Numerous plasmodesmata are visible in the endwalls. The double arrow
points to the direction of the stem apex. (B) Ovoid nucleus with partially
condensed chromatin and spherical plastids. (C) A row of spherical plastids
and associated mitochondria in the central cytoplasm. m, Mitochondria;

p, plastids. Scale bars = 5mm.
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F I G . 4. TEMs of desiccated leptoids: (A) aggregates of free ribosomes, a
Golgi body, numerous coated vesicles (arrowed) and sheets of smooth
endoplasmic reticulum; (B) labyrinthine tubular extensions of the cell wall
closely followed by the plasma membrane; (C) conspicuous ingrowths of
electron-opaque wall material; (D) membrane-bounded tubules lying at
right angles to the long axis of the cell (arrowed); (E) transverse section
of tubules (arrowed). The insert is a higher magnification of (E) showing the
range of size in the tubule diameters. g, Golgi body; r, ribosomes; w, cell

wall. Scale bars: A–E = 1mm; insert in E = 0�2mm.
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Cytology of rehydration

The water content of the leafy shoots of P. formosum rose
to a value close to that of the controls as soon as 30 min after
rewetting, but thereafter it continued to increase slowly up
to values slightly higher than in controls (Table 1). After
30min of rehydration, the vacuoles in the leptoids are larger
(2mm vs. 1mm) than in the dry state (Fig. 7A, B). The
chloroplasts remain approximately spherical but now
have somewhat undulating profiles. The nucleus is still
ovoid but the nucleolus is more clearly defined and masses
of condensed chromatin are generally absent (Fig. 7A). The
membranous tubular structures are still visible but are now
aligned mostly longitudinally (Fig. 7B).

Two hours after rehydration, the majority of the organ-
elles have regained their shapes as seen in hydrated controls;
the nucleus is spindle-shaped, plastids and mitochondria
are elongate and longitudinally aligned (Fig. 7C). The
labyrinthine cell wall elaborations observed in the desic-
cated state are no longer present. The ribosome aggregates
have begun to disperse and reorganize as polysomes asso-
ciated with swollen, irregular ER profiles (Fig. 7D). The
endoplasmic microtubule cytoskeleton reappears in the
form of short microtubules extending from the nuclear
envelope (Fig. 7E).

The plasmodesmatal plugs start disappearing 2 h after
rehydration; in samples rehydrated for 12 h plugs are no
longer visible and continuity between desmotubules and
tubular ER is again clearly visible (Fig. 5D, E; see also
Fig. 10C). Although microtubules become visible after
2 h rehydration, the full extent of the longitudinal arrays
typical of hydrated controls is not regained until 12–24 h
from rewetting (Fig. 8A, B). The longitudinal alignment of
the organelles is fully restored 24 h after rehydration and at
this stage abundant starch is again visible in the plastids of
the parenchyma cells adjoining leptoids (Fig. 8C).

Rehydration in the presence of oryzalin

In plants rehydrated in the presence of 10mM oryzalin for
4 h (Figs 2C, D and 9A, B) and 12 h (Figs 2D and 9C, D)
leptoid nuclei remain spherical or irregularly shaped. Short
lengths of microtubules are occasionally visible along the
nuclear envelope (Fig. 9B, C) or associated with elongate
mitochondria (Fig. 9B), although none were observed fol-
lowing rehydration in the presence of 100mM oryzalin (data
not shown). Ovoid (Fig. 9A, C) or elongate plastids (Fig. 9D)
are either scattered through the cell or aggregated near the
nucleus (Fig. 9D). The bulk of the lumina of the leptoids are
occupied by spherical vacuoles. No further changes from
this condition were observed in plants rehydrated in oryza-
lin for 24 h.

Scanning electron microscopy

SEM observations of desiccated and rehydrated leptoids
in P. formosum (Fig. 10) corroborate the TEM results. In the
dry state, the cell wall ingrowths and the plugs occluding
plasmodesmata are clearly visible (Fig. 10A, B). The fact
that these structural changes persist after removal of the
cytoplasm during sample preparation is a further indication
that they are not artefacts and, in the case of plasmodesmatal
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F I G . 5. TEM details of leptoids and parenchyma cells. (A) Leptoids in
desiccated shoot showing retention of cytoplasmic polarity. The plasmo-
desmata in the end and lateral walls are occluded with plugs of electron-
opaque material (arrowed). The nucleus near the end wall has an irregular
shape and contains massive amounts of condensed chromatin. The double
arrow points to the direction of the stem apex. (B) Higher magnification of a
pluggedplasmodesma in a dehydrated leptoid. (C) Plasmodesmata in the end
wall between two fully hydrated leptoids. Note the enlarged lumina. (D and
E) Plasmodesmata in leptoids after 2-h rehydration: (D) the plugs of
electron-opaque material have nearly completely disappeared (arrowed);
(E) desmotubule showing continuity with tubular endoplasmic reticulum.
(F and G) Plasmodesmata in desiccated parenchyma cells. The constricted
extremities are free of electron-opaque deposits regardless of the absence
(F) or presence (G) of a median enlargement. Scale bars: A = 10mm;

B–E = 0�2mm; F and G = 0�5mm.
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F I G . 6. TEM details of desiccated shoots after anhydrous fixation via
heptane. (A) Transverse section showing leptoids adjacent to parenchyma
cells and hydroids.Note that cellular integrity remains intact. (B) Starch-free
rounded plastid with a normal thylakoid system in a parenchyma cell.
(C) Grazing section through the nuclear envelope in a leptoid. Pores are
clearly visible, endoplasmic microtubules are absent. h, Hydroids; l,
leptoids; m, mitochondrion; n, nuclei; p, plastids; pa, parenchyma cells.

Scale bars: A = 10mm; B = 1mm; C = 5mm.
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plugs, suggests that these consist of highly resistant mate-
rial. In accordance with TEM observations, the plugs start
disappearing 2 h after rewetting (Fig. 10C) and are no longer
present in 12-h rehydrated samples (Fig. 10D).

Meristematic cells of the shoot apex

The plasmodesmata in meristematic cells of the dehy-
drated shoot apex, about 40 nm in diameter, show no
plugs and no structural alteration relative to the controls
(Fig. 11A, B). The conspicuous arrays of cortical microtu-
bules typical of interphase meristematic cells are absent
from desiccated cells (Fig. 11A), but are re-assembled
within 2 h of starting rehydration (Fig. 11C, D). Dehydra-
tion also appears to affect the cell wall structure, as the loose
fibrillar texture (Fig. 11A) typical of the hydrated state is no
longer visible in the dry state (Fig. 11C).

DISCUSSION

This study shows that desiccation causes major structural
alterations in leptoids in the leafy shoot of the moss
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F I G . 7. Effects of rehydration in shoot leptoids (TEMs). (A) 30-min
rehydration: note separation of the organelles in the rehydrating cytoplasm.
Plastids are approximately spherical but their margins are undulate (cf.
Fig. 3C). Note the large vacuoles. (B) 30-min rehydration: longitudinally
alignedmembranous tubules in peripheral cytoplasm (cf. Fig. 4D). (C andD)
2-h rehydration: (C) spindle-shaped nucleus, elongate plastids and
mitochondria—the labyrinthine plasma membrane/wall interface cannot
be distinguished; (D) ribosome aggregates beginning to disperse as
polysomes. (E) Grazing profile through the extremity of a spindle-shaped
nucleus. Note the longitudinally aligned microtubules extending from its
envelope (arrowed). m, Mitochondria; p, plastids; r, ribosomes. Scale bars:

A = 5mm; B, D and E = 1mm; C = 2mm.
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F I G . 9. Rehydration of leptoids for 4 h (A and B) and 12 h (C and D) in the
presence of 10mM oryzalin (TEMs). Note the roundish (A) or irregularly
shaped nucleus (D) and the plastids either scattered (C) or aggregated near
the nucleus (D). Occasional microtubules (arrowed) are visible in associ-
ation with the nuclear envelope (B and C) and an elongate mitochondrion in
(B). Note the absence of starch accumulation in plastids in parenchyma cell
after 12 h rehydration in the presence of oryzalin (C). m, Mitochondria;
n, nucleus; p, plastids. Scale bars: A and D = 2mm; B and C = 1mm.
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F I G . 8. Effects of 12–24 h rehydration on leptoids (A and B) and paren-
chyma cells (C) in the leafy shoot (TEMs). (A) 12-h rehydration: longitud-
inal arrays of endoplasmic microtubules (arrowed) associated with elongate
mitochondria and a plastid. (B) Endoplasmic microtubules associated with
rough endoplasmic reticulum (closed arrow) and with tubules and vesicles
(open arrow). (C) Abundant starch reserves in the plastids of parenchyma

cells. p, Plastids. Scale bars: A and B = 0�5mm; C = 2mm.
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P. formosum, with the loss of the complex cytoplasmic
organization that characterizes these cells in the hydrated
condition. Besides the complete disappearance of the
endoplasmic microtubules and longitudinal alignment of
major organelles, structural changes include the ‘plugging’
of plasmodesmata, changes in the ER organization, the
appearance of numerous small vacuoles and the laying
down of new labyrinthine wall material. The hydrated-
state cytoplasmic organization is fully resumed within
12–24 h after rewetting. Cellular integrity is maintained
both in the desiccated state and during rehydration, with
no evidence of plasmolysis or membrane disruption. Thus,
there appears to be no evidence for a repair-based mech-
anism involved in the recovery of leptoids during rehydra-
tion, as suggested in studies of desiccation-tolerance in
assimilatory cells of bryophytes (for a review, see Oliver
et al., 1998). Heptane fixation rules out artefacts in the
dehydrated and rehydrating leptoids ascribable to the use
of aqueous fixatives (Platt et al., 1997; Wesley-Smith,
2001).

Among the first events observed in leptoids during
rehydration is the reestablishment of the endoplasmic
microtubular cytoskeleton. The failure of leptoids to recover
in the presence of oryzalin points to a key role of the endo-
plasmic microtubules in the control of the elaborate cyto-
plasmic architecture typical of these cells in the hydrated
condition.

Previous studies using the antimicrotubular drug oryzalin
(Ligrone and Duckett, 1996) have shown that depolymer-
ization of the cytoskeletal microtubule system in moss
leptoids caused substantial cellular disruption, resulting

in the loss of organelle longitudinal alignment, displace-
ment of the nuclei and profound changes in the endomem-
brane system. Based on these findings, Ligrone and Duckett
(1996) concluded that microtubules not only affect the
spatial arrangement of organelles but also the intrinsic
stability of the endomembrane system. Because cellular
polarity was barely affected by oryzalin, they concluded
that microtubules do not have a direct role in the mainten-
ance of polarity. The observation that dehydrated leptoids
retain cellular polarity in the absence of endoplasmic
microtubules supports this conclusion.

The disappearance of starch in the parenchyma cells of
desiccated shoots of P. formosum and its prompt re-
synthesis on rehydration is likely to reflect reversible
conversion of starch into soluble sugars. Disappearance
of starch from plastids in the dry state has been reported
previously, e.g. in the moss Sphagnum (Gerdol et al., 1996)
and the grass Sporobolus stapfianus (Quartacci et al., 1997).
It is common for desiccation-tolerant angiosperms to
hydrolyse starch as they dry (Gaff, 1997). Mounting
evidence indicates that accumulation of protective proteins
and sugars is a major metabolic change associated with

BA

DC

F I G . 11. Transmission electronmicrographs; details of apical meristematic
cells in P. formosum in the dry state (A and B) and after 2-h rehydration
(C and D). (A and C) Grazing sections of cell walls showing numerous
plasmodesmata; cortical microtubules (arrowed in D), absent in the dry state
(A), are abundant after 2-h rehydration (C andD); the cell wall in rehydrated
cells show a loose fibrillar texture not visible in the dry state. (B) Longit-
udinal section of the plasmodesmata. Note absence of electron-opaque plugs

(cf. Fig. 5A and B). Scale bars = 0�2mm.

A B

DC

F I G . 10. Scanning electronmicrographs of leptoids from desiccated (A and
B) and rehydrated shoots (C and D) in P. formosum: (A) detail of labyrin-
thine cell wall material; (B) detail of an end wall showing plasmo-
desmatal plugs; (C) 2 h after rehydration plugs are much reduced;
(D) 12–24 h after rehydration leptoid plasmodesmata are again free from

occlusions. Scale bars = 2mm.
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desiccation-tolerance (Alpert and Oliver, 2002). Sucrose
appears to be the major carbohydrate stored during dehyd-
ration, although accumulation of the non-reducing sugar
trehalose has also been implicated in desiccation-tolerance
(Zantella et al., 1999). Platt et al. (1994) suggested that
sucrose was in part responsible for the maintenance of intact
membranes in the dry leaves of Selaginella lepidophylla and
Tortula ruralis.

Also in line with previous studies of desiccated vegeta-
tive tissues is the highly vesiculate nature of the cytoplasm
of leptoids in the dehydrated condition (Fig. 3A). Gaff et al.
(1976) observed that the vacuole in leaf chlorenchyma cells
of Borya nitida became fragmented during dehydration.
Similarly Thomson and Platt (1997) observed many
small vacuoles with an intact tonoplast in dry cells of
Selaginella lepidophylla, prepared by both conventional
fixation and freeze substitution, and postulated that ‘the
retention of vacuolar compartmentation and tonoplast
integrity with dehydration could play a critical role in desic-
cation tolerance by retaining a possible complement of
hydrolytic enzymes’. The nature and role of the vacuolar
structures in the leptoids of P. formosum require further
investigation; the possibility that they accumulate soluble
sugars involved in protection against desiccation is an
intriguing, albeit yet untested, hypothesis. The starch fluc-
tuations observed during the dehydration/rehydration cycle
essentially involve starch reserves in parenchyma cells
adjoining leptoids. Considering that the plugging of plas-
modesmata presumably interrupts symplasmic continuity
between the two cell types in the dried condition, it appears
possible that the development of labyrinthine structures on
longitudinal walls of desiccated leptoids is a mechanism to
enhance uptake of soluble sugars from the apoplast.
Scheirer (1983) described irregular wall ingrowths, lined
by the plasma membrane, similar to those described in
this study, in leaf parenchyma cells of Polytrichum
commune. He stated that these cells are ‘modified with
transfer cell-like characteristics by virtue of their wall-
membrane apparatus’ and suggested an apoplastic route
for the movement of photoassimilates from the photosyn-
thetic lamellae (Scheirer, 1983). On the other hand, the
labyrinthine walls may also strengthen the cell wall–
plasmalemma adhesion, thus preventing protoplast
shrinkage during desiccation.

Mitochondria and plastids become rounded in the dry
state, though their internal structures remain unchanged
(in line with respiratory and photosynthetic machineries
remaining intact in vegetative cells of the leafy shoot in
P. formosum; M. C. F. Proctor, R. Ligrone and J. Duckett,
unpubl. res.). The nucleus becomes ovoid and the chromatin
forms condensed areas (also a feature of seeds during
dehydration). Although it is possible that these changes
in organelle appearance in dehydrated leptoids are a con-
sequence of the disappearance of microtubules, it seems
likely that they more directly reflect a mechanism of
minimalization of organellar surface areas related to the
withdrawal of water during dehydration.

Substantial reorganization of the endomembrane system
is also evident in the dry state. ER cisternae and long tubular
ER elements disappear from leptoids and membranous

tubules are formed at right angles to the long axis of the
cell. The available evidence suggests that the latter are a
desiccation-induced storage form of ER membrane that on
rehydration is reconverted into the ER system typical of
hydrated leptoids.

The origins and nature of the plasmodesmatal plugs is
unknown, although previous experiments using a variety of
enzymes, including lysozyme, driselase, cellulase, pec-
tinase and protease (Edwards et al., 2003) are indicative
of a composition involving material particularly recalcitrant
to enzymatic digestion. The fact that plugs were still clearly
present in samples prepared for SEM following complete
removal of the cytoplasm confirms a highly resistant nature.
Ehlers et al. (2000) reported occlusion of sieve pores after
injury in Vicia faba leaves and Lycopersicon esculentum
internodes. These authors found that filamentous aggregates
derived from P-proteins rapidly occluded sieve pores after
injury, thus effectively sealing them. The occlusion of plas-
modesmata and the consequent ‘sealing off’ of leptoids in
desiccated shoots is probably functionally related to the
concomitant reorganization of the ER. In the hydrated
state this forms a prominent system extending from cell
to cell through the desmotubules (Ligrone and Duckett,
1994, 1998), with remarkable similarities with the
‘vacuolar-tubular continuum’ reported in fungi (Ashford,
1998) and in the trichomes of an angiosperm (Lazzaro
and Thomson, 1996).

Both these possible protective devices, i.e. the cell wall
ingrowths and plasmodesmatal plugs, begin to disappear
within 2 h from rehydration. It is also about at this time
that the distinctive cytoplasmic organization of leptoids
becomes again recognizable. However, it takes 12–24 h
for the cells to recover fully, this being also the time neces-
sary for the full complement of endoplasmic microtubule
arrays to reassemble. These findings, coupled to the discov-
ery that desiccation also causes reversible disassembly of
the cortical microtubule arrays in meristematic cells,
suggest a central role of the microtubule cytoskeleton in
desiccation-tolerance in mosses.

In the context of the present study it is surprising that
the cytoskeleton has hardly ever figured in studies of
cytological effects of desiccation. Rocha Faria et al.
(2004) in their studies of desiccation sensitivity in seeds
of Inga vera reported a strong correlation between the
disappearance of microtubules and the loss of viability of
these recalcitrant seeds during drying and suggested that
the failure of severely damaged cells to recovery on
rehydration might reflect the loss of the ability to reas-
semble the microtubule cytoskeleton (Rocha Faria et al.,
2004). Brown and Lemmon (1980, 1982, 1987) described
the disappearance of microtubules during maturation of
moss spores and their subsequent reassembly (repoly-
merization) during spore germination. As far as is known,
no similar studies of vegetative tissues are available.
The most likely explanation for this lack of data is that,
to date, most of the research on vegetative desiccation-
tolerance has focused on cellular metabolism and has there-
fore looked at mature assimilatory cells with abundant
plastids and mitochondria but very few or inconspicuous
microtubules.
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The discovery of an intimate relationship between
desiccation-tolerance and microtubule dynamics offers
exciting prospects for future research, not the least of
which being a novel non-invasive technique for exploring
the latter. However, it must be underlined that whilst food-
conducting cells and meristems in bryophytes are excellent
materials for electron microscope studies, they cannot be
used for direct observations because of their situation within
complex tissues. They have proved unsuitable for freeze-
substitution protocols, and thus will always be prone to
possible artefacts generated by aqueous fixation. Against
these constraints, techniques are now being developed for
studying the desiccation biology of moss caulonema, the
cytology and function of which closely mirror those of
leptoids (Duckett et al., 1998). The protonemal system
allows direct observations of living cells with the possible
application of fluorescent probes and therefore might open
the way to research on the functional genomics of the cyto-
skeleton in desiccation biology. Particularly interesting
questions include elucidation of the molecular mechanisms
underlying microtubule dynamics and possible links
between the endoplasmic microtubules and dehydrins
[Group II late embryogenesis abundant (LEA) proteins]
and rehydrins (Close, 1996; Oliver et al., 2005).
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